Ballistic electron emission microscopy ͑BEEM͒ measurements have been made, as a function of Au thickness, of Au͑111͒/Si͑111͒ and Au͑111͒/Si͑100͒ interfaces, fabricated and studied in ultrahigh vacuum. The measured ballistic electron attenuation length for Au is in excess of 230 Å for both Si orientations. In accord with metal band-structure considerations, the BEEM current is consistently more than 50% higher for Si͑111͒ than for Si͑100͒ substrates. Surface electron states have been observed on atomically flat surfaces of the Au grains, and their presence correlated with a spatially varying BEEM current. ͓S0163-1829͑99͒51304-0͔
Ballistic electron emission microscopy ͑BEEM͒ is a technique that measures the charge carriers which are tunnel injected by a scanning tunneling microscope ͑STM͒ into a thin metallic overlayer and then travel ballistically to and through an underlying metal-semiconductor interface.
1,2 One of the first applications of BEEM was to the nanometer-scale study of ballistic transport in the Au/Si Schottky barrier system. 1 Although there have been many successful BEEM studies of this system, one very puzzling result is that, as first reported by Lee and Schowalter, the Au/Si͑111͒ interface exhibits a BEEM behavior very similar to that of the Au/Si͑100͒ interface.
3 Conservation of transverse momentum as an electron crosses the interface dictates that very different BEEM spectra should be seen in those two orientations due to the differing projected conduction band minima of the substrate, particularly for electrons injected into the metal with energies just above the Schottky barrier height ͑SBH͒. Proposals to explain this lack of sensitivity to the Si orientation have generally invoked strong elastic scattering of the ballistic electrons, either at the Au/Si interface, 4, 5 and/or in the bulk and at the surface of the Au overlayer. 6 Recently, Garcia-Vidal and coworkers have proposed an alternative explanation based on abandoning the assumption that the Au overlayer can be considered as a simple freeelectron metal. 7 They point out that Au films often grow ͑111͒ oriented on Si surfaces, and there are no propagating Bloch electron states in a cone centered on the ͑111͒ direction, from below the Fermi surface to several eV above it. This requires that electrons tunnel injected into such a Au overlayer must propagate at angles considerably away from the normal if they are to travel ballistically through the metal to the Au/Si interface. Thus the Au band structure itself can provide the required transverse momentum to facilitate interfacial ballistic transport in the Au/Si͑111͒ system.
Here we report on BEEM measurements of Au͑111͒/ Si͑111͒ and Au͑111͒/Si͑100͒ interfaces prepared under identical conditions in ultrahigh vacuum ͑UHV͒, and with samples whose Au thicknesses ranged from 10 to 60 nm. These measurements show an attenuation length for ballistic transport in the Au that is in excess of 230 Å, larger than previously seen in BEEM measurements, 6, [8] [9] [10] [11] and more comparable to results from earlier bulk experiments. 12 The magnitude of I c is found to be substantially higher under identical tunnel-injection conditions for the Au/Si͑111͒ interface than for the Au/Si͑100͒ interface. Finally, clear evidence has been found by scanning tunneling spectroscopy for the existence of electron surface states, which originate from the lack of propagating bulk states in the ͑111͒ direction, localized on the planar surfaces of Au͑111͒ grains. When such surface states are observed, spatially varying contrast in the BEEM image is also observed.
The samples that we studied began as 0.5 cm 2 dies of thermally oxidized n-type ͑1-10 ⍀ cm͒ Si͑100͒ and Si͑111͒ prime grade wafers which were processed to have good ohmic backside contacts. A photolithographic step was used to etch a 100 mϫ100 m hole in the center of each die through the 500 nm thermal oxide. The small area minimized the zero-bias noise current of the Au/Si Schottky diode so as to facilitate BEEM measurements at room temperature. Just prior to inserting samples into an UHV chamber for metalization, a final surface spin-etch clean was performed which removed the native oxide covering the device area, leaving the Si area hydrogen terminated. 13 Typically, a Si͑111͒ and a Si͑100͒ sample were metallized simultaneously in the vacuum chamber. Au was evaporated onto the samples at a rate of 2-3 Å/sec and during deposition the chamber vacuum remained below 2ϫ10 Ϫ10 Torr. Immediately following the deposition step the samples were vacuum transferred to an attached UHV STM/BEEM chamber and the two samples studied sequentially by BEEM, generally using the same STM tip for both. To check the quality of the samples, standard bulk I-V measurements were made of all the diodes after the BEEM measurements. The Schottky diode ideality factors of all the devices studied were in the range between 1.00 and 1.06.
Larger area samples were also prepared in the same manner to facilitate x-ray-diffraction studies of the Au films. For both Si orientations, only the x-ray-diffraction peaks for Au͑111͒ normal orientation were detected. In the case of Si͑111͒ samples, the x-ray rocking curve full-width-at-halfmaximum ͑FWHM͒ was 0.60°for a 100 Å film, while for the Au͑111͒/Si͑100͒ the FWHM was considerably broader, 3.69°. Thicker films also only showed the ͑111͒ orientation, although the rocking curve FWHM's did increase slightly with thickness. X-ray pole figures revealed a strong preferential in-plane alignment of the Au grains with the sixfold symmetry of the Si͑111͒ substrates, while only minor inplane alignment texture was observed with the fourfold symmetry of the Si͑100͒ surface. Figure 1 shows an STM image of the surface of a Au͑111͒/Si͑111͒ sample, while Fig. 2 shows a Au͑111͒/ Si͑100͒ sample. For both Si orientations the surface of the Au films consists of small grains, ϳ10 nm in diameter, but the Au grains on the Si͑111͒ surface tend to be somewhat larger, and with larger terraces. Also shown are BEEM images, taken by measuring the current I c that passes over the Schottky barrier while scanning the STM tip with a negatively biased tip, usually around 1.1 V, so that the injected electrons are above the SBH. There are spatial variations in the BEEM images, discussed below, but these variations are no more than 30%, typically less, across a sample.
BEEM current-voltage ͑I-V͒ spectra were taken by recording I c as a function of the bias V t between tip and metal while keeping both the tunnel current I t and tip position fixed. These spectra are largely invariant in shape when taken at random points. As shown previously, such BEEM I-V's can be well fit by the Kaiser-Bell phase-space model 14 for the Au͑111͒/Si͑100͒ interface, even though that model treats the Au as a simple free-electron metal, which should not be appropriate for the Au͑111͒ orientation. This model also works well for the Au͑111͒/Si͑111͒ samples even though it should be doubly inappropriate for that case.
3,13
The I-V's can also be fit by the Ludeke-Bauer ͑LB͒ model, which assumes an isotropic distribution of electrons at the interface due to strong interfacial scattering that destroys the conservation of momentum at the interface.
4 Fits of either model are equally good at points where I c is relatively high and at those where it is relatively low. From such fits we find the SBH's, averaged over all our measurements, to be 0.82 eV and 0.80 eV for the Au/Si͑111͒ and Au/Si͑100͒ samples, respectively. This is consistent with our results from bulk diode I-V measurements and those reported in the literature.
To determine the attenuation length for the decay of the ballistic electron current by inelastic scattering as it passes through the Au film, BEEM measurements were made on pairs of Si͑111͒ and Si͑100͒ samples with average Au film thicknesses ranging from 10 to 60 nm. ͑The requirement of attaining good front-side ohmic contact to the diodes with our sample configuration limited the minimum Au thickness to 10 nm.͒ Two approaches were employed to determine . In the first, multiple BEEM images were acquired while scanning at fixed bias, and then the average I c for that sample and bias was computed. This was repeated for both Si orientations and for varying Au thicknesses t. The results FIG. 1. STM surface topography and BEEM images of a 200 Å Au͑111͒/Si͑111͒ sample. Images are 100 nmϫ50 nm and are obtained at V t ϭϪ1.0 V and I t ϭ1 nA. The top image is the STM surface height ͑20 Å white to black͒, the middle image is its calculated surface slope ͑white is steep͒, and the bottom image is a map of BEEM current, I c . The mean current over the BEEM image is 1.86 pA, which has been subtracted from the image to enhance the contrast. The variation from white ͑high͒ to black ͑low͒ is 1.5 pA. The absolute BEEM contrast is about 20%. The 100 nmϫ50 nm images are obtained at V t ϭϪ1.1 V and I t ϭ1 nA. The top image is the STM surface height ͑17 Å white to black͒, the middle image is its calculated surface slope, and the bottom image is a map of BEEM current, I c . The mean BEEM current is 2.25 pA, and total range shown is 2.4 pA. BEEM contrast is about 30%.
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PRB 59 M. K. WEILMEIER, W. H. RIPPARD, AND R. A. BUHRMAN obtained with a bias of 1.2 V are shown in Fig. 3 . A leastsquares fit to this data for tу200 Å yields 111 ϭ276 Å and 100 ϭ265 Å for the Au films grown on the two different Si substrates. As we will discuss elsewhere, measurements made at different bias levels indicate, as should be expected, a decreasing with increasing bias, although the change in from 0.9 to 1.4 V bias was less than 20%. While not the focus of our study, we note that the data for tϽ200 Å is considerably higher than the extrapolated fit. This is in accord with the prior observation of Bell 6 who has attributed this to the increased probability of interfacial transmission of electrons which can make multiple passes through the Au due to interfacial and surface reflections.
The second approach consisted of making numerous sets of BEEM I-V measurements at various locations and then fitting these I-V's, from the threshold voltage up to 1.1 V, to the LB model using an effective electron mass of m 100 ϭ0.31m e and m 111 ϭ0.28m e for the two different Si orientations. From these fits a parameter R was extracted which characterizes the overall ballistic electron transmissivity of the Au-Si system. 4 To the extent that there is an energy dependence to the attenuation length, this fitting procedure is inappropriate, but the variation noted above is not enough to substantially affect our results. Plots of R vs t are also shown in Fig. 3 . This method yielded 111 ϭ278 Å and 100 ϭ236 Å for the data taken with tу200 Å. These values of are longer than reported previously from BEEM measurements, but within the range ͑220-330 Å͒ of values obtained from earlier photoemission and thermionic emission measurements. 12 We note here that our attenuation lengths are almost certainly smaller than the true values. As discussed, the band structure of the Au͑111͒ films dictates that the ballistic electrons can only travel in directions away from the film normal, so that the mean distance traveled through the film before reaching the interface is somewhat greater than the film thickness.
When we compare in Fig. 3 the amplitudes of I c at fixed V t , and the values of R for the two Si orientations, we see that the ballistic transmissivity of the Au͑111͒/Si͑111͒ samples is substantially higher than for Au͑111͒/Si͑100͒ with the same Au thickness. The difference is greater in the results obtained from the LB fits, since the differences in the SBH's and Si effective masses are taken into account there, but in both cases it is clear that the ballistic transmissivity measured by BEEM is substantially higher for the Si͑111͒ substrate than for Si͑100͒. We note that the loss of momentum conservation in a free-electron metal should result in the opposite outcome. Complete isotropic scattering at the interface, as assumed by LB, would result in 10% greater I c in the Si͑100͒ case than for Si͑111͒, assuming identical Schottky barrier heights. 4 Garcia-Vidal and coworkers calculate that, following tunnel injection onto a surface atom, electrons will become channeled by the Au͑111͒ lattice structure as they propagate towards the buried interface. This develops focused beams of current distribution which are at angles considerably away from the substrate normal. Thus the ballistic electrons, even when injected from a sharp tip with a small transverse momentum component, will, if passing through a sufficient thickness of Au, reach the interface with substantial transverse momentum. Indeed, de Andres and co-workers have recently calculated the ratio of BEEM currents I c,111 /I c,100 for typical BEEM biases and equal SBH's. 15 Their calculations, however, are not in numerical accord with our experimental result, R 111 /R 100 ϭ1.7. This is perhaps due to their assumption that the Au͑111͒ grains are aligned in-plane with the Si͑100͒ substrate, when in our experiment they are nearly randomly aligned in the plane of the substrate.
One aspect of the Au͑111͒ band structure that has not been discussed by Garcia-Vidal and coworkers is that, due to the lack of propagating Bloch states in the ͑111͒ direction and the presence of the vacuum potential, surface electron states should be established on the Au surface which are decoupled from the bulk electron states. It is reasonable to expect that those electrons which tunnel from the STM tip to such ͑empty͒ surface states will have a substantially lower probability of reaching the interface before scattering inelastically than will those electrons that tunnel directly to empty bulk states. If the relative tunneling probability to bulk and surface states varies across the Au surface, then contrast should be expected in the BEEM image. As illustrated by Figs. 1 and 2, such contrast is clearly observed in our samples, with tunneling to atomic steps and grain boundaries regularly giving higher I c than tunneling to flat surfaces. We have thoroughly checked that these spatially varying changes in the BEEM current are not due to scan artifacts ͑e.g., current overshoot or capacitive coupling in the feedback loop͒. This BEEM contrast is consistent with the surface-state density being high on the flat surfaces and low at grain boundaries and step edges. 16 The strong correlation between I c and surface topology is emphasized by the middle images in Figs. 1 and 2 , which represent the slope of the surfaces as calculated from the topographical image. As noted above, the shape of the BEEM spectra and the quality of the fits to the BEEM models are invariant between regions of high and low BEEM current. The only difference in the fits to the spectra is in the amplitude of the scaling parameter R.
Enhanced I c at grain boundaries and step edges on Au/ Si͑111͒ samples could be interpreted as arising not from Au band-structure effects, but from geometrical considerations which locally increase the transverse momentum of the tunnel-injected electrons and thus improve the probability of interfacial transmission. 17 Such an explanation cannot be 
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easily applied to the Au/Si͑100͒ case if the Au is considered as a free-electron metal, but if the Au band structure is considered this explanation could apply. Since propagation into the Si͑100͒ conduction band minima is then forbidden, increased lateral momentum of the tunnel-injected electrons at, e.g., surface steps could enhance the transmission of electrons into the other conduction band minima of Si͑100͒. On the other hand, if the Au band structure is effective in channeling the tunneling-injected electrons into particular directions as they propagate to the interface, the transverse momentum that the electrons have when they first tunnel onto the Au surface should not be a major factor.
Our alternative proposal that surface states can explain the BEEM contrast that we observe is supported by tunneling spectra measurements made on BEEM samples that show the contrast illustrated in Figs. 1 and 2 . In Fig. 4 we show examples dI t /dV vs V spectra, as measured over the flat region of a Au grain, a position which yields comparably lower I c , and as measured at a grain boundary, a position which yields higher I c . The spectrum taken over the flat region clearly shows the characteristic peak near 0.45 V caused by the conduction band minimum of the Au͑111͒ surface state, while the spectrum taken at the grain boundary is quite different and does not show this peak. 16 When BEEM contrast as illustrated in Figs. 1 and 2 is not observed in a particular measurement, due, e.g., to a poor tip, neither is the surface state observed. While additional study is needed to fully establish whether the BEEM contrast seen here is due to spatial variations in tunneling to nonpropagating surface states, this explanation is consistent with all of our observations.
